Objectives: To study the efficacy of hypertonic fluid therapy on central haemodynamics, leg blood flow, and skeletal muscle metabolism at reperfusion after subtotal bilateral limb ischaemia. Design: Prospective, randomised, controlled study, in pigs (n = 24 
Introduction
Acute limb ischaemia of varying severity is common in clinical practice and is often related to acute embolic or thrombotic arterial occlusion and vascular reconstructive surgical procedures. 1-3 The cellular metabolic and functional derangements caused by limb ischaemia have been extensively studied experimentally 41° as well as clinically, n'n At reperfusion, following limb ischaemia, both local and systemic pathophysiological events are evoked. The local injury seems of pathogenetic importance for post-ischaemic cellular functional disturbances in skeletal muscle. ~3-1s Ischaemic muscle is a potent activator of complement and there seem to be intimate relationships between complement activation and the reactivity of the other cascade systems of the body. 16 A close relationship between local metabolic and vascular events, anaphylatoxin generation and multisystem organ failure * Please address all correspondence to: Lisbeth Waagstein, Department of Anaesthesia and Intensive Care, University of GOteborg, Sahlgren's Hospital, S-413 45 G/Steborg, Sweden.
following skeletal muscle ischaemia has thus been suggested. 16' 17 Such a relationship is also indicated by clinical outcome data in connection with acute limb ischaemia. Is
In the treatment of hypovolaemia and tissue ischaemia infusion of a small volume (about 4 m l / k g ) of hypertonic saline (HS 7.5%, 2400 mOsm/1) has been shown to have beneficial effects on intravascular volume, cardiac performance, and peripheral tissue perfusion. [19] [20] [21] [22] The beneficial effects of HS treatment on microvascular blood flow seem to be partly due to reduced swelling of blood cells and vascular endothelial cells. 2g The restitution of organ perfusion following HS infusion has been reported to be more efficient if a hypertonic-hyperoncotic fluid combination, rather than HS alone, is chosen. 24 Many experimental models for acute lower limb ischaemia include extensive dissection or the use of tourniquets causing local pressure and sometimes also venous obstruction. In order to study physiological events in acute limb ischaemia, an atraumatic model simulating the clinical situation is likely to be ideal.
We have previously reported on a relatively atraumatic porcine model for acute bilateral hind limb ischaemia, i.e. simulated acute aortic saddle embolism. 25 The aim of the present study was to document the effects of HS treatment (without or with colloid) on central haemodynamics and local tissue metabolism in this experimental model.
Materials and Methods

Animals, anaesthesia and preparative procedures
The study was approved by the Animal Ethics Committee at the University of GOteborg and conducted in accordance with the National Institute of Health guidelines for the use of experimental animals.
Crossbreeding pigs (Swedish landrace, Yorkshire, and Pigham) of either sex, weighing 26-50 kg, were used. The animals (n =24) were fasted 15 h prior to the experimental procedures but had free access to water until the experimental day. Premedication with pethidine hydrochloride (Petidin ®, Kabi Pharmacia, Uppsala, Sweden) 50 mg was given intramuscularly 30 min before induction of anaesthesia with ketamine hydrochloride (Ketalar ®, Parke-Davis, Morris Plains, NJ, U.S.A.) 1000 mg given intramuscularly. An ear vein was then cannulated and methomidate (Hypnodil ®, Janssen Pharmaceutica, Beerse, Belgium) 100 mg and azaperone (Stresnil ®, Janssen Pharmaceutica, Beerse, Belgium) 40 mg were administered intravenously. Anaesthesia was maintained with supplementary doses of methomidate and azaperone when needed and a basal fluid infusion of normal saline (0.9% NaC1) was administered at a rate of 30 ml/kg/24 h. A prophylactic dose of the antibiotic, cloxacillinsodium (Ekvacillin®, Astra, S6dertalje, Sweden) 1000 mg was administered intravenously prior to the surgical procedure to prevent wound infection.
The animals were placed on their right side and breathing spontaneously. In this position a vascular graft was inserted as previously described. 25 In short, a left lumbar incision was made followed by minor retroperitoneal dissection for visualisation of the lateral aortic wall. A partially occluding vascular clamp was applied on the visible lateral aspect of the aorta approximately 5 cm proximal to the aortic bifurcation. An 8 mm preclotted dacron vascular graft was then sutured end-to-side to the aorta, using 4/0 Prolene. Care was taken to avoid damage to periarterial vessels, nerves, and lymphatics during this procedure. The outer end of the vascular graft was closed with a ligature and placed subcutaneously. The wound was closed and infiltrated with bupivacaine hydrochloride 5 mg/ml, adrenaline 5gg/ml (Marcain ® adrenalin, Astra, S6dertalje, Sweden) 10 ml for postoperative pain relief and the animals were allowed to recover.
Approximately I week later the acute experiment took place. The pre-experimental handling of the animals was identical to that at the insertion of the vascular graft. The weight of the animals was registered before and after the experiment to allow calculation of changes in body weight. Anaesthesia was maintained by i.v. infusion of NaC1 containing 3000 mg of methomidate, 800 mg of azaperone, and 100 mg of pethidine in 500 ml. The infusion rate was set at 30 m[/kg/24 h. A tracheostomy was performed via a midline neck incision and the animals were mechanically ventilated with 30% oxygen in room air using a Servo ventilator 900 (Elema SchOnander, Sweden). The ventilated minute volume was set to keep PaCO2 at 4.5-5.5 kPa. An in-dwelling catheter was inserted suprapubically into the urinary bladder.
A catheter was placed into the superior caval vein via the left external jugular vein for measurements of the central venous pressure and for fluid infusions. A triple-channel balloon catheter (Pruitt venous thrombectomy catheter 7 E Ideas for Medicine, INC. Tampa, FL, U.S.A) with one lumen proximal and the other distal to the balloon was introduced into the distal abdominal aorta via the previously inserted graft. The balloon was placed immediately above the aortic bifurcation and inflated in order to induce acute occlusion of the distal aorta. Aortic pressures above and below the occlusion were measured via the proximal and distal ports. Heparin (5000 IU) was administered intravenously. The proximal and distal aortic, and central venous pressures were measured and recorded continuously (pressure transducers dispo-sense ® Peter von Berg GmbH, M/inchen, Germany; pressure monitor model 78342, Hewlett Packard, MA, U.S.A; recorder Multitrace 4, Lectromed, U.K.). An electrocardigram (ECG) was continuously monitored and recorded.
A standard laser Doppler probe (Pf 108 d, Perimed, Sweden) was attached to the plantar surface of the right and left hind feet and connected to a Periflux PFld Laser Doppler Flowmeter (Perimed KB, Stockholm, Sweden) for assessment of skin blood flOW, 25"26 Cardiodynamic data were obtained by thoracic electrical bioimpedance (TEB) measurements using a non-invasive continuous cardiac output monitor (NCCOM3-R6, Biomed Medical Manufacturing Ltd, Irvine, CA, U.S.A.). 27 The following data were obtained and registered: heart rate (HR), cardiac output (CO), stroke volume (SV), and thoracic fluid index (TFI). Calculated Values are mean ± s.E.M.
data were cardiac index (CI), stroke volume index (SVI), and systemic vascular resistance (SVR). Rectal temperature was measured intermittently and the animals were kept at a body temperature of approx. 38-39°C by external heating.
Blood chemistry
Arterial blood was sampled from the proximal channel of the aortic balloon catheter for analyses of haemoglobin (photometric method), haematocrit (microhaematocrit), and serum osmolality (freezing point depression, osmometer -Advanced Instruments Inc. Needham Heights, MA, U.S.A.). Serum protein, sodium, potassium, and chlorides were analysed with Kodak Ektachem Analyser DT 60 and DTE-Modul (Eastman Kodak Company, NY, U.S.A.) and blood gases with a blood gas analyser (ABL 500, Radiometer, Copenhagen, Denmark).
Muscle metabolite and water content
Muscle biopsies were rapidly excised from the distal par t of the gastrocnemic muscle and immediately frozen in liquid nitrogen. The biopsies were homogenised in ice-cold perchloric acid (3 M), centrifuged (2000 g), and the extracts were neutralised with KHCO3 (2 M). Thereafter a second centrifugation was performed, separating the supematant from the precipitate. The supematants were used for fluorometric analyses of adenosine triphosphate (ATP), creatine phosphate (CrP), and lactate, and the pellets for determination of the protein content using previously described techniques. 11 The metabolite levels were expressed as gmol/g protein. A second muscle biopsy was taken for determination of the water content by weighing prior to and after heat drying (desiccator at 70°C for 24 h). The water content was calculated and expressed as a percentage.
Experimental protocol
After a stabilisation period of 30 min baseline cardiodynamic and laser Doppler blood flow measurements were carried out and blood samples and muscle biopsies were taken. Thereafter the balloon of the aortic catheter was inflated until pulsatile back pressure disappeared and a subtotal ischaemia in both hind limbs was achieved as evidenced by iliac back pressure and bilateral measurements of skin blood flow (laser Doppler). After 4 h of aortic occlusion the balloon was deflated and a 3 h reperfusion period was studied. Thereafter the animals were killed with i.v. KC1. The animals were randomly assigned to three experimental fluid treatment groups. Fluid infusion was started 5 min prior to the release of the aortic occlusion and continued for 5 min after the reperfusion, i.e. the infusion was completed within a 10 rain period. The following fluid treatment regimens were studied: Group HS (n=8):
Hypertonic saline (7.5%; 2400 mOsm/1) 4 ml/kg.
Group HSD (n = 8): Hypertonic saline (HS 7.5%; 2400 mOsm/1) in 6% Dextran 70 (Pharmacia, Stockholm, Sweden), 4 ml/kg. Group NS (n = 8):
Normal saline 0.9% 4 ml/kg. Cardiodynamic and laser Doppler data were registered -at baseline; 
Statistical Analyses
Data are presented as mean + s.g.M. For analysis of variance a two-factor ANOVA for repeated measurements was used to test differences over time between groups during aortic occlusion. Non-parametric afialysis of variance (Kruskal-Wallis test) was used to test differences between groups. Mann-Whitney U-test was used for statistical comparison between groups and Wilcoxon's signed rank test was used for testing within single groups. A p-value of <0.05 was considered significant.
Results
Effects of distal aortic occlusion
The effects of distal aortic occlusion on haemodynamics, blood chemistry, and skeletal muscle metabolite levels are summarised in Table 1 . The aortic occlusion resulted in a rapid initial increase of MAP and SVR while HR slowly increased over time. The CVP, SVI, iliac back pressure (IBP), and skin blood flow (SBF) were reduced. Serum electrolytes, osmolality, haemoglobin, haematocrit, and total protein levels remained mainly unchanged although there was a slight increase of the serum potassium level.
During the distal aortic occlusion, acid base data showed a slightly increased pH level, and reduced PaCO2, PaO2, and O2-saturation, while base excess remained mainly unchanged. The skeletal muscle content of the high energy phosphagens ATP and CrP was reduced and the lactate content increased at 220 min of aortic occlusion. There were no significant differences in the overall response pattern to aortic occlusion between the different treatment groups although there were slightly lower levels of sodium and osmolality in the HS group vs the NS group (p<0.05).
Fluid regimens, reperfusion characteristics and biochemical alterations
Central haemodynamics. The infusion of fluid during the 5 rain period prior to aortic reflow increased MAP significantly in the HS and HSD groups (p<0.05) while no major change was seen in the NS group (Fig.   1 ). The release of the aortic occlusion resulted in a reduction of MAP in all groups (p<0.05). MAP remained lower in the NS than in the HS and HSD groups (p<0.05-0.01 vs NS) during the reperfusion period. HR increased (p<0.05) in the HS group during the initial treatment while it was slightly reduced in the NS and HSD groups. HR increased in all groups during reperfusion (Fig. 1) . CI increased (p<0.05) in the HS and HSD groups at the initial fluid infusion while the Changes in SVI remained non-significant. Following reperfusion, a drop of CI and SVI occurred in all groups (Fig. 1) . CVP increased more in the HS and HSD groups (p<0.05) than in the NS group during the fluid infusion prior to aortic reflow (Fig. 2) . The thoracic fluid index (TFI) values increased (p<0.05) in the NS group at 15 min after reperfusion and remained increased while in the HS and HSD groups TFI was significantly reduced throughout the whole reperfusion period (Fig. 2) . The blood pressure in the iliac artery (IBP) increased at reflow in all groups with the most pronounced increase in the HS group (Fig. 3) . SVR was reduced immediately following reflow in all groups and during prolonged reflow no significant differences between the groups were demonstrable. Peripheral skin perfusion (laser Doppler) increased following reperfusion to values near preocclusion baseline levels in all groups. There was a calculated blood loss of about 4 m!/kg in all groups. Urine output remained at about 30 ~hl/h.throughout the experimental period. There were no differences beween the groups in body weight changes during f he experiment.
Blood chemistry. TEe alterations in blood chemistry in the differen t treatment-groups from initial baseline values, after 220 rain of ischaemia, and 15 and 180 min following reflow are summarised in Table 2 . Serum Na remained unchanged in the NS group while the infusions of HS and HSD resulted in S-Na and S-C1 increments of about 10 mmoffL The corresponding increase in serum osmolality in the HS and HSD groups was about 20 mOsm/kg. S-K increased in all groups in the post±ischaemic period. Haemoglobin and haematocrit increased in the NS group while serum protein levels were reduced in the HS and HSD groups at 15 min following the initial fluid treatment and reflow. At 180 min no significant differences in haemoglobin, haematocrit or serum protein levels remained between the different groups.
Acid-base values were only marginally altered during the experimental procedure. At 15 rain following reflow pH was reduced by 0.07-0.10 pH units and base excess values by about 3 mmol/1 in all groups. After 180 min of reflow the acid-base status had normalised in all groups and no inter-group differences were demonstrable.
3:
Skeletal muscle metabolism. A significant regain of high energy phosphagens (ATP+ CrP) 15 min after reflow was observed in the HS group (p<0.05; Fig. 4 ). At 180 min after reperfusion no significant differences between the treatment groups remained. The initial reduction of the lactate content of skeletal muscle at 15 rain was more pronounced (p<0.05) in the HSD than in the HS and NS groups. After 180 min the lactate level was reduced in all treatment groups. The water content of skeletal muscle was significantly increased (p<0.05) in the NS group at 180 min following reflow but not in the HS or HSD groups.
Discussion
From a vascular surgical point of view it is well known that acute non-traumatic lower limb ischaemia is still associated with high mortality rates, often exceeding 25%. 18 It is possible that the high mortality rates in connection with acute limb ischaemia could be reduced if the surgical treatment is combined with intravascular fluid regimens that more rapidly and efficiently improve tissue perfusion by enhancing microvascular blood flow, reducing blood cell-endothelial cell interactions, and diminishing tissue oedema formation following reflow. The previously described experimental model for simulation of clinical acute aortic saddle embolism was considered a suitable model for assessing the influences of different fluid treatment regimens on the post-ischaemic recovery of tissue perfusion and metabolismY Transthoracic electrical bioimpedance was used in the present study for the cardiac output determination since we have previously documented a close correlation in the pig between electrical bioimpedance and thermodilution measurements under varying experimental conditions. 27 We have previously shown that aortic occlusion reaches the blood flow in the femoral vein from about 125 ml/min to 4 ml/min and that there is a corresponding severe reduction in tissue oxygen tension. 25 The ATP, CrP, and lactate levels of skeletal muscle were used for the assessment of the metabolic alterations induced by the incomplete limb ischaemia. We have also previously demonstrated significant relationships between alterations of these metabolite levels and the membrane function (transmembrane potential) of skeletal muscle cells during conditions of shock and ischaemia. 4 The demonstrated increase in skeletal muscle lactate content and reduction in high energy phosphagens during the 4 h period of incomplete ischaemia in the present study therefore clearly signify reduced regional tissue oxygen availability and partly anaerobic cellular metabolism. 4' 6'° Systemic derangements of the acid-base balance during the period of incomplete limb ischaemia were not observed indicating that the systemic effects of the local hypoxic events were centrally compensated. During infusion of the different fluids prior {o the deflation of the aortic balloon a more efficient blood volume supporting effect was obtained with HS and HSD than with NS, as evidenced by the changes in CVP, MAP and TFI. TFI was in this study assumed mainly to reflect the central vascular filling. Reflow following complete as well as incomplete limb ischaemia is consistently accompanied by hypotension as observed in the present study. Following reflow this initial central haemodynamic deterioration was less pronounced in the HS and HSD groups than in the NS group. It has previously been documented that the infusion of a hypertonic solution results in a dynamic fluid redistribution from extravascular sources into the vascular compartment. 2s Such a fluid mobil±sat±on may not be expected at the infusion of 4 ml/kg of NS which clearly is a suboptimal fluid volume. Also the volume supporting effect of HS per se is transient and of rather short duration due to a redistribution back into the extravascular sources. 28 Therefore the use of HS in combination with a colloid is usually advocated since haemodynamic stability thereby will be maintained for a more prolonged period of time. 21"29 In the present study MAP was also better maintained over time in the post-ischaemic period in the HSD than in the HS and NS groups. The microcirculation through the terminal vascular bed and thereby the nutritional blood flow has been reported to be restituted more efficiently by hyperosmotic-hyperoncotic soluti0ns. 22 '23 The somewhat better clearance of lactate from skeletal muscle and more rapid restitution of the high energy phosphagen levels in the HSD group favour such a concept.
Dextran 70 was used as colloid in the present study Since it has been suggested as the colloid of choice to combine with HS in the treatment of shock and ischaemia} °-24' 29 Studies comparing dextran and hydroxyethylstarch (HES) suggest that dextran may exert specific beneficial microcirculatory effects by which the ischaemia-induced leucocyte-endothelial cell interaction is attenuated, g° The role of leucocytes in the pathophysiology of skeletal muscle ischaemic injury has been well documented 14 and leucocyte depletion has been shown to attenuate post-ischaemic vascular injury. 31 Dextran may not only modulate the endothelial surface charge of capillaries but also reduce endothelial permeability. 32 A dextran-related reduced access of different molecules to the cell surface by steric hindrance and/or electrostatic shielding of the glycolyx may explain such effects. 32 Consequently dextran seems to modulate several of the pathophysiological events that occur in the post-ischaemic reflow period, i.e. events related to "no-re flow" phenomena (white blood cell plugging of capillaries), release of inflammatory mediators, and formation of oxygen-derived free radicals. Such beneficial effects of dextran in combination with hypertonic saline on microvascular blood flow in the post-ischaemic period are indicated in the present study by the more efficient metabolic restitution of the ischaemia-induced metabolic disturbances in skeletal muscle in the HSD group.
Tissue oedema formation at reflow in the postischaemic period is considered to be a factor influencing microvascular blood flow and tissue oxygen supply. It has recently been shown that hypertonichyperoncotic fluid treatment wil ! efficiently mobilise oedema induced by hydrostatic factors or inflammatory mediators (bradykinin). 3s Vascular ischaemia, as seen in connection with peripheral or major (aortic) vascular surgery is often associated with postischaemic fluid retention and oedema formation. In connection with aortic surgery quite often major body weight changes of up to 7-8% have been noted. 34 By the use of hypertonic intravenous fluids during aortic surgery it has been shown that haemodynamic stability can be well maintained at a lower transfusion volume. 34' 3s Thereby the risk of fluid overload and extensive increase in body weight may be prevented. Intraoperative combined use of hyperosmotic/hyperoncotic solutions may be even more advantageous for avoidance of tissue fluid accumulation. 36 Our observations of enhanced post-ischaemic metabolic recovery in the 7.5% HS 6% dextran 70 group indicate that even a low colloid content seems to enhance the post-ischaemic tissue metabolic recovery but a higher colloid concentration could be even more effective. 37 It is concluded on the basis of the present study that the infusion of small volumes (4 ml/kg) of hypertonic saline 6% dextran 70 at the time of tissue reperfusion following prolonged subtotal tissue ischaemia constitutes an efficient fluid regimen for reversal of ischaemia-induced haemodynamic and tissue metabolic disturbances.
